The construction of a new high-pressure cell is presented. It is a piston-cylinder type of apparatus. The entrance and exit of X-rays or light are possible through two parallel diamond-plate windows placed on V-shaped slits covering almost the whole range of reflection angles. This makes the cell particularly suitable for X-ray diffraction examinations of monocrystals. The potential accuracy of absolutebulk-modulus determination by lattice-constant measurements using the Bond method [Bond (1960). Acta Cryst. 13, 814-816] at pressures of 108-109 Pa can be estimated at 1-2%. The cell enables the simultaneous examination of two samples, which makes possible the comparison of their compressibilities with an accuracy of 0.01-0.1%. As examples, the results of compressibility measurements on GaAs and GaN are given.
Introduction
High-pressure techniques are widely used in experimental physics. The controlled reduction of interatomic distances makes it possible to obtain additional information on the physical properties of materials. The most basic feature, i.e. the crystallographic structure, can be examined with X-ray diffraction methods. The high-pressure cells used for such examinations must have windows transparent to X-rays. Because the absorption of X-rays of wavelength approximately 1 ,~ is small only for elements of small atomic number, the choice of window material is strongly limited: to beryllium, boron, diamond and boron nitride.
The first X-ray high-pressure cell was constructed in 1938 by Jacobs, who used beryllium windows and examined the phase transition in powder AgI and other materials at pressures of up to 5 × 108 Pa. The use of beryllium for X-ray windows was reported in many papers. Among them it is worth mentioning the 5 × 108 Pa cells reported by Davies & Walawender (1968) and 1.7 × 10 9 Pa cells reported by Kabalkina & Wereschagin (1962) , who used beryllium cones with holes for the samples. The conic shape was used for sealing. Despite the small X-ray absorption of be-ryllium, there are disadvantages to using this material. It is highly toxic and deformable under pressure, which makes it necessary to replace it frequently.
Amorphous boron was used by Piermarini & Block (1975) , who obtained quasi-hydrostatic pressures of up to 5 x 101° Pa with steel anvils squeezing a tablet of boron containing the powdered sample. Monocrystalline boron has been tested by us. We have found this material to have at least half the strength of diamond.
Diamond was first used in a pressure cell in 1950 by Lawson & Tang. Semicylindrical grooves were ground into each half of a cleaved diamond. The diamonds were clamped together and the resulting cylindrical hole became the high-pressure chamber. Tungsten wire inserted into the hole acted as a piston, compressing a polycrystalline sample. Similar in appearance, but fundamentally different in geometry, are the most popular high-pressure cells -diamond anvil cells (DACs). They consist of two opposed diamond anvils squeezing a metal gasket that has a hole containing a pressure-transmitting medium, a pressure sensor and a sample.
The first DACs were constructed by Weir, Lippincot, Van Valkenburg & Bunting in 1959. Since then they have been used in a number of high-pressure cells (Hazen & Finger, 1982) .
In the examination of powders, where quasi-hydrostatic conditions can be used, DACs offer a 1011 Pa range. For examinations of monocrystals, hydrostatic pressures can be obtained which are over 101° Pa in the liquid (alcohol) pressure-transmitting medium and over 2 x 101° Pa in the gas (neon, argon or methane) pressure-transmitting medium.
In spite of the very high pressures obtainable with DACs there are also disadvantages to using them. The main problems are:
(i) The samples are of a small size (approximately 301am thick, 2001am in diameter). For powder samples, this provides an insufficient number of crystallites. In the case of monocrystals, it makes positioning difficult. For a precise measurement, it is necessary to avoid uncontrolled diffraction at the crystal edges. Therefore, the X-ray beam should be collimated to dimensions smaller than the sample and 0021-8898/93/010001-04506.00 O 1993 International Union of Crystallography should hit only the central part of the crystal. This makes an experiment very difficult. In addition, the preparation of samples for DACs is usually done rather 'roughly', by breaking a thin wafer into pieces. There is no certainty that this does not introduce defects which can affect the results.
(ii) The accuracy of pressure determination with ruby fluorescence is rather poor: 1-5 x l0 s Pa in a 0-10 a° Pa range. In comparison, the accuracy obtainable with resistivity gauges (Konczykowski, Baj, Szafarkiewicz, Konczewicz & Porowski, 1977; Zylonis, Stankiwicz, Trzeciakowski & Litwin-Staszewska, 1990 ) in piston--cylinder cells is 0.5-1 x 107 Pa. A comparable accuracy (Hazen & Finger, 1982) can be achieved in DACs only by measuring the lattice spacings of an internal standard (usually NaC1 crystals), which is rather time consuming.
(iii) The diamond anvils, which are approximately 3 mm thick, are not transparent to X-rays of wavelength longer than ,~ 1 A. This usually prevents the use of the high-Bragg-angle reflections necessary for precise lattice-constant measurements.
(iv) The absorption of X-rays by diamond anvils of rather complicated shape is a problem. This usually means that it is necessary to know the exact path of the X-rays in the anvils (i.e. the position in the gasket and orientation in space of the sample).
The obstacles mentioned were overcome by Suski, Zulawnik & Malinowski (1982) , who constructed a piston--cylinder cell with a fiat window. For 1.5/~ X-radiation, only beryllium (up to 4 mm), boron (up to lmm) or diamond (up to 0.6 mm) could be used. As already mentioned, the diamond plates turned out to be the most suitable. The V-shaped slit permitted the measurements of lattice constants at Bragg angles in the range 95-90 ° . For the majority of crystals this range is sufficient for use of the Bond method (Bond, 1960) . This method enables the measurement of lattice constants to accuracies of approximately 1 in 10 6 for high-quality crystals (Si, Ge, some ionic crystals) and 10-100 in 106 for semiconductor crystals. Such high accuracy offers the possibility of compressibility measurements to about 1% accuracy, i.e. comparable or better than with other methods [e.g. ultrasonic or EXAFS (extended X-ray absorption fine structure)]. Even better accuracy would be obtained if the pressure could be measured more precisely.
The aim of this paper is to present a new construction of the X-ray-optical cell that can be regarded as an improved version of Suski's cell. When designing the new cell, the following targets were set:
(i) To maintain the features of the previous cell: transparency to 1.5/~ X-rays, samples a few millimetres in size and high-accuracy pressure determination with a semiconductor gauge.
(ii) To increase the angular range of the entrance and exit of the X-ray beam.
(iii) To allow simultaneous measurements for two samples. This is very important so that when one wants to compare the compressibilities of similar materials (e.g. the same compound variously doped) one can be absolutely sure that the measurements are performed under identical experimental conditions. The cell construction Fig. 1 shows a schematic diagram of the cell. To perform a high-pressure experiment the following steps must be taken.
(1) Mounting the diamond windows
The diamond plates B, of thickness 0.6 mm, are glued on the outsides of V-shaped slits in the window supports (small pistons) C.
(2) Mounting the samples Two crystals can be fixed in the cell. They can be glued either to the pistons C (parallel to the diamond plates) or to the supporting ring D (perpendicular to the diamond plates). The first method is suitable for lattice-constant measurements with the Bond method using high (54-90 °) Bragg angles (for each sample the X-ray enters and exits the cell through the same window). The second method can be used for measurements with low Bragg angles (0-36°), e.g. for rocking-curve-shape examinations (the X-ray beam enters the cell through one window and exits through the second). Apart from diffraction, the cell can also be used for measurements of the absorption of any electromagnetic waves to which diamond windows are transparent. In such experiments, the samples would be placed inside the ring D.
(3) Sealing the pistons C obtained with ultrasonic measurements -7.53 (12) x 101° Pa (Cottam & Saunders, 1973 ) -or with EXAFS-about 1.1 x 1011 Pa (Besson et al., 1991) . In the latter case the error could be as high as 2 x 101° Pa.
The two GaAs samples differed in their levels of doping, crystal perfection, free-electron concentrations etc. The origin of the compressibility difference will be studied.
The metal seals are placed on the conical ends of the pistons C and are squeezed against the supporting 5.648 ring D with a small hydraulic press. In order to maintain the pistons in the same position (and not C 5.646 loosen their sealing), after applying the pressure the ~" ring F is pushed against parts E. The slits in E and F 5.644 allow the entrance and exit of X-rays within the same angular range as the pistons C.
(4) Applying high pressure A mixture of non-corrosive liquids such as oils, benzines or alcohols can be used as the pressuretransmitting medium. The pressure is applied with a hydraulic press by pushing the piston G down a vertical hole in the cell body L The gum and metal rings K are used for sealing. The hole in ring D enables the pressure-transmitting medium to flow onto the samples. Screw H fixes piston G after applying the pressure.
The pressure is measured with a semiconductor gauge J, which is placed on piston G and connected to a voltmeter and a current source via an electrical feedthrough. A measurement of the resistivity of a well calibrated pressure gauge enables the pressure to be established with accuracy better than 10 7 Pa.
The pressure cell can then be placed in an examination instrument for performing measurements. As examples we present the results of compressibility measurements on two semiconducting crystals: GaAs and GaN.
Compressibility measurements
The compressibility measurements were performed by the Bond method using high-angle Bragg reflections: 008CuKfl for GaAs and 0006CuK~ for GaN crystals. Fig. 2 shows the experimental results. In the case of the well known material GaAs, the calculated bulk moduli were 8.6(3)x 101°Pa for sample 1 and 7.3 (3) In the case of GaN it was only possible to measure the c lattice constant. However, if an isotropic compressibility is assumed, the hypothetical bulk modulus would be 2.07 (3) x 1011 Pa. In the work of Perlin et al. (1992) , the value obtained with EXAFS was 2.45 (15) x 1011 Pa.
Final remarks
This paper has presented a new construction for a high-pressure cell. The experimental results presented were obtained as a cell test and should be treated as introductory. The errors in establishing the crystal compressibility should in future be reduced from 2-3% to approximately 1% by more careful examinations.
(i) A diamond X-ray scattering map should be created. The first measurements of scattered radiation from an empty cell indicated that it should not significantly influence the positions of the Bragg peaks used, but this must be checked for every spatial cell position and pressure inside the cell.
(ii) The calibration of semiconductor pressure gauges with a compressibility standard (e.g. NaC1) should be carried out. The calibration of the gauges used had been done to the claimed accuracy of 107 Pa. The X-ray measurements of the NaCI standard will verify this.
It should be noted that, in the case of the GaAs measurements, the sealing turned out to be imperfect. The leak was very small (about 5 x 105 Pa h-1), but it produced errors. In further experiments, the leak was eliminated by changing the seal dimensions.
Having a potential accuracy comparable with ultrasonic measurements in the case of bulk (large-dimensional) crystals, the cell is unsurpassable for examining heterostructural materials, for example. Performing comparative measurements by always placing two samples in the cell will allow the possibility of increasing the accuracy of bulk-modulus evaluation to 0.1-0.01%.
The cell was designed to be 'user friendly'. Its use requires no prior experience with high-pressure equipment. The small size and weight (0.3 kg) enable it to be mounted on various examination instruments where X-rays (of wavelength less than 1.5 A) or visible light are used.
In X-ray experiments, special care must be taken to avoid scattered radiation from the metal parts of the cell.
For measurements requiring the use of a magnetic field, the cell can be made of a non-magnetic material such as beryllium-copper.
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